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Abstract:
We deomonstrate the existence of optical topological transition, the optical equivalent of Lifshitz transition in electronic systems, by controlling the topology of the optical isofrequency curve using metamaterials.
©2012 Optical Society of America OCIS codes: (160.3918) Metamaterials; (230.5590) Quantum-well, -wire and -dot devices.
The ideas of mathematical topology play an important role in many aspects of modern physics -from phase transitions to field theory to nonlinear dynamics [1, 2] . An important example of this is the Lifshitz transition [3] in electronic systems, where the transformation of the Fermi surface of a metal from a closed to an open geometry leads to a dramatic effect on the electron magneto-transport [4] . We report the optical equivalent of the Lifshitz transition by transforming the optical iso-frequency curve in strongly anisotropic metamaterials.
The optical iso-frequency curve ߱൫݇ ሬԦ ൯ = ‫ݐݏ݊ܿ‬ can be engineered by tailoring the dielectric tensor ( ) r e t r . Here we consider the case of metal-dielectric composite metamaterials which have a uniaxial form of the dielectric tensor
Closed iso-frequency surfaces different from a simple sphere (eg: ellipsoidal) can occur in these metamaterials when ߝ ∥ , ߝ ୄ > 0 and ߝ ∥ ≠ ߝ ୄ . An extreme case of iso-frequency curve modification occurs when the dielectric constants are of opposite signs (ߝ ∥ < 0 ܽ݊݀ ߝ ୄ > 0) such that the iso-frequency curve opens up into a hyperboloid surface. The metamaterial can be designed such that the dispersion leads to an optical topological transition (OTT) in the iso-frequency surface from ellipsoid to a hyperboloid as shown in Fig. 1(a) .
Such optical analog of the Lifshitz transition in metamaterials is characterized by the appearance of additional electromagnetic states in the hyperbolic regime, which have wavevectors much larger than those allowed in vacuum. Light-matter interaction is enhanced due to the presence of these additional metamaterial states, resulting in strong effect on related quantum-electrodynamical phenomena, such as the spontaneous emission. As the photonic density of states (PDOS) governs the spontaneous emission rate, signature of this transition can be probed by studying the modification of the radiative lifetime of a quantum emitter placed near the metamaterial structure. Fig. 1(b) shows the schematic of the metamaterial structure. It consists of alternate layers of silver and titanium dioxide (TiO 2 ) of thicknesses 9nm and 22nm respectively and a 10nm TiO 2 spacer layer that separates the quantum emitters from the metamaterial. CdSe/ZnS core/shell colloidal quantum dots are subsequently deposited on top of the structure via spin-coating. The dielectric constants of the constituent thin films are extracted using ellipsometry and the effective medium parameters are shown in Fig. 1(c) . This structure is designed to have ߝ ∥ ≈ 0 around the emission maximum of the quantum dots. The photoluminescence (PL) from the quantum dots have a full width at half maximum (FWHM) of ~ 40 nm which allows us to investigate the phase space of both ellipsoidal and Fig 1(b) . The transition from elliptical to hyperbolic occurs at 621 nm.
hyperbolic dispersion regimes using the same sample. To isolate the effects of the non-radiative decay due to metal, we also carry out measurements on a control sample that consists of a unit cell of the metamaterial with the spacer.
To understand how the PDOS change near the transition point, we introduce the topological transition parameter α as the imaginary part of the reflection coefficient of p-polarized light. This parameter is proportional to the local density of electromagnetic modes and thus characterizes the emergence of metamaterial states. Fig. 2(a) shows the plot of α as a function of ߝ ∥ . There is a sharp change in α near the transition wavelength (ߝ ∥ = 0) due to a sudden increase in PDOS. With the inclusion of losses, this sharp transition gets modified to a smooth crossover.
Time resolved PL measurements were carried out using a time correlated single photon counting technique. Lifetimes were measured at multiple wavelengths within the FWHM of the quantum dot emission on three different samples -metamaterial, control and glass substrate (Fig. 2(b) ). Lifetime increases with wavelength on both the glass substrate and control samples. This is due to the size distribution of quantum dots and the weak dependence of the oscillator strength on the energy [5] . However, the metamaterial sample shows a decrease in the lifetime as a function of wavelength. The sample described above has a silver fill fraction of 29%. Similar measurements were carried out on two other metamaterial samples and their corresponding control samples with different silver fill fractions of 33% and 23%. In these samples, the amount of silver is the same as in the previous sample, but the amount of TiO2 is varied to obtain the different fill fractions. Due to difference in fill fractions the transition wavelengths are also different in these samples. The transition occurs at 596nm and 700nm in the samples with 33% and 23% fill fractions, respectively.
To make any conclusions regarding the effect of the OTT on the radiative lifetimes from the measurement of the actual decay rates, the contribution of the metamaterial states to the total decrease in lifetime has to be isolated. To account for all effects that alter the lifetime of the quantum dots such as the plasmonic contribution from a single unit cell and the varying oscillator strength of the quantum dots, we look at the lifetime of dots on the metamaterial normalized by the lifetime near the control samples as shown in Fig. 2(c) . To compare the three different samples which have OTTs at different wavelengths, we normalize the wavelength with respect to the transition point, with positive ∆λ corresponding to the hyperbolic regime and negative ∆λ corresponding to the elliptical regime. We clearly observe a transition in the lifetime of the samples with 29% and 33% fill fractions that cross the transition point while the sample with 23% fill fraction which lies in the elliptical regime does not show this transition.
In summary, we have shown that metamaterials can control the topology of the iso-frequency surface leading to an OTT, akin to a Lifshitz transition of electrons in metals. 
